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(57) Abstract: A method of fabricating a copper-indium boscd thin mm photovoltaic device comprises the steps of: (a) using elcc- 
trodeposjtioi], depositing a front window layerof a semiconductor material on a suitably configured electrically condnctive substrate- 
(b) doping the window layer to obtain optimum electrical conductivity in ihe window la ver; and following steps (a) and (b) (c) snc- 
ccssively elecrjwhemicaJJy depositingr a plurality of adjacent copper-indium based semiconductor absorber layers on the'window 
layer wherein each absorber layer ha* a different band gap energy value to an adjacent absorber layer. Thus a copper-indium based 
thin film photovoltaic device made according to this method comprise*; an electrically conductive front substrate upon wftth is com- 
prised an clrctrodeposifed window layer of a doped semiconductor maTerial: and having been successively deposited on top of said 
deposited window Jay er , a plurality of electrochcmically deposited adjacent copper-indium b*sed semiconductor absorber layers, 
wherein each absorber layer has a different band gap energy value to on adjacent absorber layer. 
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For two-letter codes and other abbreviations, refer to the "Guid- 
ance Notes on Codes and Abbreviations" appearing at the begin^ 
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COPPER-INDIUW! BASED THIN RLM PHOTOVOLTAIC DEVICES AND 
METHODS OF MAKING THE SAME 

5 Field of the Invention 

The present invention relates to the field of thin film photovoltaic devices 
which comprise copper-indium based semi-conducting materials such as, for 
example, copper-indium disulfide (CuInS 2 ), copper-indium dieseling (CulnSe 2 ) or 
10 copper-indium diteiluride (ClnTe 2 ) based materials. The invention relates to 
improved methods of making such devices in addition to achieving high efficiency 
devices themselves. 

Background to the Invention 

15 

Photovoltaic cells and methods of their production are relatively advanced in 
the field of crystalline silicon cells. However, thin film technology js known to hold 
the promise of reducing costs of solar cell manufacture through substantial 
reducing the quantity of semi-conductor materials and energy used during 

20 production. Thus, there is a general trend towards the use of thin film solar cells 
so as to reduce solar cell module costs. Various- types of clearly distinct thin film 
photovoltaic cells have emerged, these being the multi-crystalline silicon ceii, the 
amorphous silicon cell, the cadmium telluride/cadmium sulphide hetero-junction 
cell and the copper-indium diselenide based/cadmium sulphide hetero-junction 

2 5 cell, the latter being the subject of an aspect of th© present invention. 

A known prior art structure of a copper-indium dieseling based solar cell 101 
is schematically illustrated in Fig. 1 and comprises a metal back contact 102 
(usually a molybdenum (Mo) layer evaporated on a glass substrate) configured to 
30 be able to enable the layer to be connected into an external electrical circuit, a 
coppeNndium diselenide absorber layer 103 deposited upon metal back contact 
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layer 102, a cadmium sulphide or zinc oxide n-type window layer 104 deposited 
upon layer 103 and a transparent front efectrrcaf contact layer (or any other metal 
grid) 105 deposited upon layer 1 04 to complete the device. 

5 Various prior art methods of making such a device are known by those 

skilled in the art including selenisation whereby hydrogen selenide gas is passed 
over the surface of an indium/copper layer at about 4Q0°C. However, various 
problems result in such techniques such as large stresses being induced in the 
copper-indium deselenide based fifmu Prior art methods have, to some extent, 
10 overcome fabrication problems, but are still somewhat complicated in view of the 
use of sputterihg of copper and indium and various difficulties surrounding 
satisfactory substrate preparation. However, problems in respect of adherence of 
the copper-indium diselenide based film to tho device would still benefit from 
significant improvement. Commercially available large area copper-indium 
15 diselenide based solar panels generally have efficiencies of around 8% with the 
devices being stable over periods of severaf years. To improve efficiency further 
there is a need to fmprove uniformity of deposition of the copper-indium 
diselenide based and other layers and there is some belief in the industry that 
large area solar panel having efficiencies of around 12-14% will be available in 
20 the next few years, particularly through use of copper-indium/gallium diselenide 
(CIGS) technology. 

Thin films of copper-indium diselenide based materials, for exampfe ( have 
been produced using a variety of deposition techniques such as elemental co- 

25 evaporation, sputtering, pulsed laser deposition and electrodeposition. 
Electrodeposition is a low cost technique suitable for fabrication of targe area 
photovoltaic devices with scaling capability to produce solar modules of 
commercially viable dimensions. Thin film photovoltaic devices based on 
electrodeposition followed by evaporation and selenisation of CulnSe 2 have 

3 o reached efficiencies of 9.4% to date for lab scale devices as reported by R. N. 
Bhattacharya et al., J. Electrochemical Soc. VoJ, 143, No. 3 (1996), p.854. 
Electrodeposition and evaporation and selenisation of CIGS have produced even 
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higher efficiencies of 14.1% to date for small-scale devices as reported by R.N. 
Bhattacharya et at., J. Electrochem. Soc, Vol. 145, No. 10, (1998), p. 3435. The 
highest reported efficiency for small scale photovoltaic devices produced from 
expensive, materials growth techniques, for example elemental go-evaporation, is 
5 around 18.8% as reported by M.A. Contreras et al., Prog. Photovolt. Res. Appl. 7, 
(1999), p. 311, 

To achieve low cost and higher efficiencies which are attractive for 
commercialization of photovoltaic cells in solar power generation, the 
10 eJectrodeposition method and processing steps involved in copper-indium based 
semi-conductor device fabrication requires improvement and, in particular, there 
is a need to improve one step electro-deposition of the copper-indium based 
materia! on glass/transparent conducting oxide (TCO) substrates. 

15 Many prior art copper-indium based photovoltaic device configurations and 

methods of making photovoltaic devices are known. Canadian patent no. CA 
2056609 discloses electrodeposrtion of a plurality of copper-indium based layers 
in a given order. However, although functionaf devices resuft from the methods 
disclosed in CA 2056609 the efficiency of the resufting devices may be 

2 o considered to leave considerable room for improvement. 

In view of the above there is clearly a need to improve efficiency and cut 
down production costs of copper-indium based photovoltaic solar cells. To 
improve efficiency both new and improved low cost techniques of fabrication are 

2 5 required so that a greater proportion of electromagnetic radiation is converted into 

useful electrical power. Additionally, Existing devices generally degrade with time 
and there is a desire to create new copper-indium based photovoltaic cell designs 
so that the resultant devices may effectively improve in efficiency over time rather 
than degrade. For commercial viability it is generally a requirement that a given 

3 0 photovoltaic panel should exhibit over 15% efficiency and utilize minimal 

materials and minimize other detrimental factors associated with many existing 
technologies. 
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Summary of the invention 

An object of the present Invention is to reduce costs associated with 
5 manufacturing thin film copper-indium based photovoltaic devices. This object is 
achieved by reducing the amount of materials required for construction of copper- 
indium based photovoltaic devices and solar cells and by using a low cost 
electrodeposition technique to successfully deposit copper-indium based semi- 
conducting materials. 

10 

A further objective of the present invention is to design and manufacture 
multi-layer graded band gap photovoltaic devices to capture a major part of the 
solar spectrum and hence to maximize efficiency. This object can be achieved, 
at least in part, by one or more of the following; 

15 

stacking different semiconductor layers so that internal electric field3 at 
each junction add up to form an effective tandem solar cell; 

allowing the semiconductor materials to alloy at hetero-junctlons to form 
20 smooth and graded band gaps during annealing and aging processes to improve 
the conversion to useful electrical power of a major part of the sotar spectrum and 
also to Improve the charge carrier collections; 

enabling semiconductor layers to be produced by simply changing the 
2 5 stoichiometry of the materials by varying the deposition voltages; and 

enabling thin film copper-indium based semiconductor layers to be grown 
with improved grain formation with appropriate doping so as to maximize the 
conversion efficiency of photovoltaic devices. 

30 
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A further object of the present Invention is to manufacture photovoltaic 
devices including sofar cells which improve the structural requirements at hetero- 
junctions and hence device efficiency with age and with heat-treatment. 

5 Yet a further object of the present invention is to enable the profitable 

manufacture of high efficiency photovoltaic devices and solar cells to be realized 
such that the efficiency achieved is over 15% and a minimal amount of 
semiconductor material is used (of the order of two microns thick), this being 
achieved using a relatively inexpensive electrodeposition technique. 

10 

According to a first aspect of the present invention there* is provided a 
method of fabricating a substantially copper-indium based thin film photovoltaic 
device, said method being characterised by comprising the steps of: 

15 ( a ) using electrodeposition, depositing a front window layer of a 

semiconductor material on a suitably configured electrically conductive substrate; 

(b) doping said window layer to obtain optimum electrical conductivity 
in said window layer; and following steps (a) and (b), 

20 

(c) successively and electrochemically depositing a plurality of 
adjacent copper-indium based semiconductor absorber layers on top of said 
semiconductor window layer wherein each said absorber layer has a different 
band gap energy value to an adjacent said absorber layer. 

25 

Preferably said adjacent copper-indium based semiconductor absorber 
layers are selected from the set of compounds comprising: 

copper-indium disulphide based compounds; 

30 

copper-indium diselenide based compounds; and 
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copper-indium ditelluride based compounds. 

Preferably the method additionally comprises the step of: 

5 treating the outer surface of each absorber layer to optimise the electrical 

properties of said outer semiconductor absorber layer. 

Preferably said treatment comprises chemically etching said outer 
semiconductor absorber layer. 



10 



15 



20 



25 



30 



Preferably the method additionally comprises the step of: 

metalising the outer surface of said outer semiconductor absorber layer so 
as to enable said device to be connectable to an electric circuit. 

Preferably said method comprises the additional step of annealing said 
semiconductor layers at a temperature in the temperature range 325-375 D C and 
preferable the annealing step is completed before the etching and metalisation 
steps. 

Preferably said window semiconductor layer comprises: 

an n-type semiconductor material selected from the set comprising ZnSe, 
CdS and Cu 2 0. 

Preferably sard window dopant is selected from the set of dopants 
comprising Group Ml; and Group VII elements. 

Preferably said window layer comprises a p-type semiconductor material. 

Preferably said window layer comprises a p-type ZnSe semiconductor 
material. 
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Preferably said window semiconductor layer is doped with a dopant 
selected from the set of dopants comprising: 

5 Group I; and Group V elements. 

Preferably said window layer has a greater band gap energy value than any 
of said plurality of absorber layers. 

10 Preferably the band gap energy value of said absorber layers decreases 

with increased distance of a given said layer away from said window layer- 
Preferably a first deposited absorber layer comprises an n-type 
semiconductor material; and 

15 

a second absorber layer deposited adjacent to said first absorber layer 
comprises an n-type semiconductor material. 

Preferably said device further comprises a back Schottky barrier metal 
2 o electrical contact layer adjacent to the outermost deposited absorber layer. 

Preferably a first said deposited absorber layer comprises an n-type 
semiconductor material; and 

25 a second said absorber layer deposited adjacent to said first absorber layer 

comprises a p-type semiconductor material. 

Preferably a first said deposited absorber layer comprises an n-type 
semiconductor material; a second said deposited absorber layer adjacent to said 
30 first absorber layer comprises a p-type semiconductor material; and an outer 
absorber layer adjacent to said second absorber layer comprises a close to p- 
type semiconductor material. 
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Preferably said device comprises a back Ohmic type electrical contact layer 
adjacent to the outermost deposited close to p-type absorber layer. 

5 Preferably a first said deposited semiconductor absorber layer comprises a 

p-type semiconductor material; and 

a second said deposited semiconductor absorber layer, adjacent to said first 
said absorber layer, and comprises an n-type semiconductor material. 

10 

Preferably said device further comprises: 

a back Ohmic type electrical contact layer adjacent to said second said 
deposited n-type absorber layer. 

15 

According to a second aspect of the present invention there is provided a 
substantially copper-indium based thin film photovoltaic device, wherein said 
device is characterised in that it comprises: 

20 an electrically conductive front substrate upon which is comprised an 

electrodeposited window layer of a doped semiconductor material; and 

having been successively deposited on top of said deposited window layer, 
a plurality of electrochemicaliy and adjacently deposited copper-indium based 
semiconductor absorber layers, wherein each said absorber layer has a different 

2 5 band gap energy value to an adjacent absorber layer. 

Preferably said adjacent copper-indium based semiconductor absorber 
layers comprise at least one compound from the set comprising: 

3 0 Cooper-indium disulphide based compounds; 

copper-indium diselenide based compounds; and 
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copper-indium ditelluride based compounds. 

Preferably the outer surface of each absorber layer has been treated by 
5 chemical treatment, annealing and etching to optimise the electrical properties of 
said outer semiconductor absorber layers. 

Preferably said absorber layers have been chemically treated and annealed 
using a suitable doping agent such as indium trichloride (InCb) to improve n-type 
10 conduction. 

Preferably said window layer comprises a material from the set comprising: 
n-type ZnSe; n-type CdS; and n-type Cu 2 CL 

15 

Preferably said dopant comprises an element to improve n-type conduction, 
said element being selected from the set comprising; 

Group III elements; and Group VII elements. 

20 - 

Preferably said window material comprises a p-type semiconductor 
material,. 

Preferably said window material comprises p-type ZnSe based material. 

25 

Preferably said window material is doped with an element to improve p-type 
conduction, said element being selected from the set comprising: 

Group I elements; and Group V elements. 

30 

Preferably said window layer has a greater band gap energy value than the 
band gap value of any of said plurality of absorber layers. 
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Preferably the band gap energy value of said absorber layers decreases 
with increased distance of a given said absorber layer away from said window 
layer. 

5 Preferably said first said deposited absorber layer, deposited adjacent to 

said window layer, comprises an n-type semiconductor material; and 

a second absorber layer deposited adjacent to said first absorber layer 
comprises an n-type semiconductor material. 

10 

Preferably said device further comprises a back Schottky barrier metal 
contact layer adjacent to the outermost deposited absorber layer. 

Preferably a first said deposited absorber layer comprises an n-type 
15 semiconductor material: and 

a second said absorber layer deposited adjacent to said first absorber layer 
comprises of p-type semiconductor material. 

20 Preferably the first said deposited absorber layer comprises an n-type 

semiconductor material; a second said deposited absorber layer adjacent to said 
first absorber layer comprises a close to p-type semiconductor material; and an 
outer absorber layer adjacent to said second absorber layer comprises a p-type 
semiconductor material. 

25 

Preferably said device comprises a back Ohmic electrical contact layer 
adjacent to the outermost deposited p-type absorber layer. 

Preferably a first said deposited absorber layer comprises a p-type 
30 semiconductor material; and 
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a second said deposited absorber layer, adjacent to said first deposited 
absorber layer, comprises an n-type semiconductor material. 

Preferably said device comprises a back Ohmic electrical contact layer 
5 adjacent to said second deposited n-type absorber layer. 

Preferably said device, comprises n-type window material and during 
operation, conducts electric current in accordance with: 

10 electrons move substantially from said absorber layers to said window layer; 

and 

holes move in the opposite direction to said electrons. 

Alternatively, preferably said device comprises p-type window material and 
during operation conducts electrical current in accordance with: 

electrons move in a direction towards an Ohmic contact from said window 
layer through said respective absorber layers, each said respective absorber 
layer having a smaller band gap than the last; and 

holes move substantially in the opposite direction to said electrons. 

According to a third aspect of the present invention, there is provided a 
25 method of fabricating a substantially copper-indium based thin film photovoltaic 
device of the type comprising: 

a deposited n-type or p-type window layer of a semiconductor photon 
absorber material; and 

30 

at least a first deposited substantially copper-indium based photon absorber 
layer located substantially adjacent to said window layer; 
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said method being characterised by comprising the step of: 

doping said first photon absorber layer with a dopant of the same type, that 
5 is n-type or p-type, as said window layer. 

Preferably said first deposited copper-indium based layer is assumed to 
be of the same type (p-type or n-type) as said window layer. 

10 Preferably said selected window material is n-type and said first photon 

absorber layer is doped with an n-type dopant. 

Preferably said n-type window layer is doped with an n-type dopant. 

15 Preferably said window layer is doped with a group III or VII element 

Preferably said selected window layer is n-type doped with a group III or 
VII element and said first absorber layer is n-type, said method additionally 
comprising the steps of: 

20 

depositing a second n-type substantially copper-indium based photon 
absorber layer adjacent to said first coppeMndium based photon absorber layer; 
and configuring a back electrical contact to said second photon absorber layer 
wherein said back contact constitutes an n-Shottky type barrier. 

25 

Preferably said selected window layer is n-type doped with a group III or 
VII element and said first photon absorber layer is n-type, said method 
additionally comprising the steps of: 

3 0 depositing a second substantially copper-indium based photon absorber 

layer adjacent to said first photon absorber layer said second photon absorber 
layer being substantially p-type; and 
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conflguring a back electrical contact to said second photon absorber layer 
wherein said back contact constitutes a p-Ohmic type contact.. 

5 Preferably said selected window layer is n-type doped with a group III or 

VII element and said first absorber layer is n-type, said method additionally 
comprising the steps of: 

depositing a second substantially copper-indium based photon absorber 
10 layer adjacent to said first photon absorber layer, said second photoriabsorber 
layer being substantially p-type; 

depositing a third substantially copper-indium based photon absorber layer 
adjacent to said second photon absorber layer, said third photonabsorber layer 
15 being substantially p-type; and 

configuring a back electrical contact to said third, that is the outer, 
photonabsorber layer wherein said back contact constitutes a p-type Ohmic 
contact. 

20 

Preferably said selected window material is p-type and said first photon 
absorber layer is doped with a p-type dopant. 

Preferably said p-type window layer is doped with a p-type dopant. 

25 

Preferably said window layer is doped with a group I or V element. 

Preferably said selected window layer is p-type doped with a group I or V 
element and said first photon absorber layer is p-type, said method additionally 
3 0 comprising the steps of: 
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depositing a second substantially copper-Indium based photon absorber 
layer adjacent to said first photon absorber layer, said second photon absorber 
layer being substantially n-type; and 

5 configuring a back electrical contact to said second photon absorber layer 

wherein said back contact constitutes an n-Ohmic type contact. 

Preferably said window layer is deposited on a substrate and said first 
deposited substantially copper-indium based photon absorber layer is then 
10 deposited on said window layer. 

Preferably, following the deposition of said first substantially copper-indium 
based photon absorber layer there are successfully deposited further layers of 
substantially copper-indium based photon absorber materials. 

15 

Preferably said deposition of said layers is by electrodepositlon. 
Preferably the order of deposition of the layers is: 

20 the window layer followed by said first deposited oopper-lndium based 

photon absorber layer followed, if applicable, by successive deposition thereafter 
of one or more further substantially copper-indium based photon absorber layers. 

According to a fourth aspect of the present invention, there is provided a 
25 substantially copper-indium based thin film photovoltaic device of the type 
comprising; 

an n-type or p-type window layer of a semiconductor photon absorber 
material deposited on an electrically conductive substrate; and 

30 

at least a first deposited substantially copper-indium based photon 
absorber layer located substantially adjacent to said window layer; 
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said device being characterised in that: 

said first photon absorber layer has been doped with a dopant of the 
5 same type, that is n-type or p-type, as said window layer. 

Preferably in such a thin film photovoltaic device said window layer 
has been deposited on a substrate and thereafter said first deposited 
10 substantially copper-indium based photon absorber layer has been deposited on 
said window layer. 

Preferably the order of deposition of said layers is as follows: 

15 the window layer followed by said first deposited copper-indium based 

photon absorber layer and tehn if appropriate, on top of said first photon absorber 
layer successive deposition thereafter of one or more further copper-indium 
based photon absorber layers, 

20 Brief Description of the Drawings 

For a better understanding of the invention and to show how the same may 
be carried into effect, there will now be described by way of example only, 
specific embodiments, methods and processes according to the present 

2 5 invention with reference to the accompanying drawings in which: 

Fig. 1 schematically illustrates the structure of a typical prior art copper- 
indium diselenide photovoltaic cell; 

3 0 Fig, 2 schematically illustrates the structure of a first example of a copper- 

indium based photovoltaic cell as configured in accordance with the present 
invention; 
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Fig. 3 details the energy band diagram of the device schematically 
illustrated in Fig. 2 and comprises a large Schottky contact at the junction 
between the back metal contact layer and adjacent absorber layer in addition to 
5 two heterojunctions with enhancing internal electric fields; 

Fig, 4 schematically illustrates steps involved in fabricating the device 
schematically illustrated in Fig. 2; 

io Fig. 5 schematically illustrates a second embodiment of a copper-indium 

based photovoltaic cell as configured in accordance with the present Invention; 

Fig. 6 shows the energy band diagram of the device schematically 
illustrated in Fig. 5; 

15 

Fig. 7 schematically illustrates the steps involved in fabricating a device of 
the type schematically illustrated in Fig. 5; 

Fig. 8 schematically illustrates a third preferred embodiment of a copper- 
20 indium based photovoltaic cell as configured in accordance with the present 
invention; 

Fig. 9 details the energy band diagram of the device illustrated in Fig. 8; 

25 Fig. 10 schematically illustrates the steps involved in fabricating the device 

illustrated in Fig. 8; 

Fig,11 illustrates schematically a fourth preferred embodiment of a copper- 
indium based photovoltaic cell as configured in accordance . with the present 
3 0 invention; 
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Fig. 12 illustrates schematically the energy band diagram of the device 
illustrated schematically in Fig. 1 1 ; 

Fig. 13 illustrates schematically the steps involved In fabricating the device 
5 illustrated in Figs. 11 and 12; and 

Fig. 14 summarizes, in the form of a table, the devices as configured in 
accordance with the present invention and as described by way of example in 
figures 2- 13. 

, Detailed Description of the Best Mode for Carrying Out the Invention 

There will now be described by way of example the best mode 
contemplated by the inventors for canying out the invention. In the following 
description numerous specific details are set forth in order to provide a thorough 
understanding of the present invention. It will be apparent however, to one skilled 
in the art, that the present invention may be practiced without limitation to these 
specific details. In other instances, well known methods and structures have not 
been described in detail so as not to unnecessarily obscure the present invention. 

20 Low cost and high efficiency solar cells and photovoltaic devices in general 

may be produced in accordance with the present invention using 
electrodeposition of the relevant semi-conducting layers. Various examples of 
multi-layer graded band gap photovoltaic cell structures are given below, each of 
which may use zinc selenide (ZnSe), cadmium sulphide, (CdS) or copper oxide 

25 (Cu 2 0) layers as an n-type window material or p-type ZnSe window material. As 
illustrated in the following examples, ternary or quaternary compounds of CulnS2, 
CulnGaS^ CulnSe 2f CulnGaSe 2i CufnTe 2 or CulnGaTe 2 may be used as n-type 
or p-type absorber layers in a given device structure under fabrication. In each 
case a suitable back metal contact may, for example, be prepared by vacuum 

3 0 evaporation after heat treatment and surface preparation. 
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Semiconductor materials for use as absorber layers in a device fabricated 
in accordance with the present invention suitably include materiaJs based on: 

copper-indium disulphide (CulnS 2 ). 

5 

copper-indium diselenide (CulnSeg); and 
copper-indium ditelluride {CulnTe 2 ), 
10 These materials may be represented by the generalised chemical formula: 
CulnX 2 

where X = S, Se or Te respectively. 

15 

Example 1 

Rg. 2 schematically illustrates a first preferred embodiment of a mufti-layer 
graded band gap photovoltaic device structure as configured in accordance with 
the present invention. The example given comprises an n-n-n~Iayer three 

20 junction device structure 201 with a large Schottky barrier at the back contact. 
The corresponding energy band diagram (not to scale) is schematically illustrated 
in Rg. 3. Device 201 comprises a glass substrate 202 as the holder to receive 
light, such as sunlight in the case of a solar cell. Adjacent to glass substrate 202 
is a transparent conducting glass layer 203 configured for attachment to an 

25 electric circuit. Layer 203 may suitably comprise fluorine doped tin oxide (FTO) 
or indium, doped tin oxide (ITO). Adjacent to layer 203 is configured a window 
material 204, such as n-ZnSe which has a band gap of 2.7 eV. Adjacent to 
window material 204 is a first absorber layer (n-type) 205 which may suitably 
comprise n-CulnS 2 for example which has a band gap of 1.5 eV: Adjacent to 

30 layer 205 is a second absorber layer 206 which may suitably be formed of n-type 
CulnSe 2 which has a band gap of 1.1 eV. Window material 204 may comprise 
ZnSe (2.7 eV), CdS (2.4 eV) or Cu 2 0 (2.2 eV) n-type materials, for example. The 
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energy band diagram of Fig. 3 in relation to the device of Fig. 2 clearly details the 
large Schottky barrier formed at the back between absorber layer 206 and the 
metal contact layer 207. The potential barrier height of the Schottky contact is 
given by * b and this produces the highest internal electric field in the device. The 
5 large Schottky barrier 301 and the two hetero-junctions effectively provide an 
increased slope of energy band value which results in an increased electric field 
that facilitates flow of electric current through the device and through a circuit 
attached thereto. The gradient of the band energy curve 304 increases in a 
direction from the outer conducting glass layer 203 towards the Schottky barrier. 
10 The slope (gradient) is defined as the rate of change of the potential (V) with 
respect to distance (x) as is well known to those skilled in the art. Thus electric 
field strength E is given by the following formula: 

E = -dV 

15 dX 

Therefore as is indicated in the diagram, electrons (e) 302 move 
respectively through absorber layers 206, 205 and window material 204 into the 
front contact, the transparent conducting glass layer (203). An increase in the 

20 gradient of curve 304 corresponds to an increase in the electric field strength E in 
accordance with the above equation. Similarly, holes (h) 303 are indicated as 
moving through window layer 204 and absorber layers , 205 and 206 into the 
back metal contact 207. Progressively, received sunlight is absorbed as it is 
transmitted through the device, the electromagnetic absorption varying 

25 throughout the device depending on the band gap of the layer in which the light is 
being transmitted. One example of such an n-n-n-layer device is: 

GJass/CG/ii-ZnSe/n-CuInS^n-CurnGaSea/large Schottky contact 
Steps involved in producing the device identified in Fig, 2 are detailed in Fig. 
4. At step 401 a glass/conducting glass substrate is cleaned to remove grease 

30 from the surface. Following step 401 at step 402 the prepared substrate is 
placed in a suitably configured electrodeposition chamber to enable deposition of 
an n-type window layer to be formed upon the glass/conducting glass substrate. 
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Suitable n-type window layers are as detailed above. Following step 402, at step 
403 the glass substrate layer comprising the window layer is doped using a 
suitable Group III or Group VII element by chemical treating and annealing, so as 
to obtain optimum electrical conductivity. Following step 403 the resultant 
5 structure is further processed by chemical etching and electroplating to deposit 
an absorber layer onto the surface of the window layer processed at step 403. 
Following deposition of a given absorber layer, for example n-CulnS 2 , at step 
404, the electrodeposited absoiber layer is doped to obtain optimum n-type 
conduction at step 405, At step 406, a question is asked as to whether any more 
10 absorber layers are required to be deposited. In accordance with the present 
invention one or more further layers will be deposited, the further absorber layers 
having respectively a lower band gap energy as further layers are deposited. If 
the question asked at step 407 is answered in the affirmative then a further 
absorber layer is deposited via electroplating, such as n-CulnGaSe 2 at step 404 
15 and doping of the second absorber layer is undertaken at step 405 and the 
question asked at step 406 asked again. Steps 404 to 406 are repeated until no 
further absorber layers are required whence the resultant structure is further 
treated at step 407. At step 407 the final absorber layer electrodeposited at step 
404 is heat treated and chemically etched so as to enhance electrical property 
20 and form a large Schottky barrier diode upon depositing a back metal, electrical 
contact at step 408. Following the above steps, the final device structure is 
completed and ready for use. 

Further details regarding electrodeposition of a given absorber layer are 
provided as follows by way of example. Electrodeposition of CIS has been 
25 carried out by the inventors using a standard three electrode set up using an EG 
& G Princeton Applied Research model 362 scanning protentiostat The counter 
electrode was a carbon rod and the reference electrode used was Ag/AgCl. The 
working electrode, cathode, was a conducting glass {CG) coated glass substrate. 
Both indium doped tin oxide (ITO) and fluorine doped tin oxide (FTO) have been 
3 o found to be particularly suitable materials for use as the CG. 
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Electrodeposition of CulnSe 2 films on CG coated glass substrates is readiiy 
carried out in an electro-chemical call containing aqueous solution of CuS0 4 , 
ln 2 (S0 4 )3 and Se0 2 in the ratio from 1:2:1 to 1:100:10. The pH of the electrolyte 
may suitably vary between around 2.50 and 2.90 without addition of any acid into 
5 the solution. It has been found that the addition of acid to the electrolyte has the 
disadvantageous effect of reducing adherence of the films to the CG substrate. 
The temperature of the electrolyte is preferably maintained at 60-65°C, because 
the inventors have observed that films grown at this temperature are more 
crystalline than those grown at room temperature. Those skilled in the art will 

io therefore realize that this produces enhanced electrical properties as regards the 
efficiency of a given photovoltaic cell under construction. Furthermore, a slow 
stirring has been found to improve the quality of the films being made. Suitably 
the electrodeposition is carried out under potentiostatic conditions of deposition 
voltage which vary from -0.4V to -0.6V against the Ag/AgCI electrode. Prior to 

15 material deposition the transparent conducting glass (TCG) substrates are 
required to be cleaned thoroughly by washing in acetone followed by distilled 
water. Suitable deposition times are between ones hour and two hours depending 
on the film thickness required. Following deposition, prepared structures are 
found to have further enhanced electrical properties if treated with a suitable 

20 chemical and annealed at elevated temperatures above 200 a C in air or nitrogen 
atmosphere for 15 to 30 minutes. Annealing in this way is found to improve both 
the bulk properties of materials and electrical properties of the resultant devices. 



25 Example 2 

Fig. 5 schematically illustrates a second preferred embodiment of a multi- 
layer graded band gap photovoltaic device structure as configured in accordance 
with the present invention. The example given comprises an n-n-p (two junction) 
configuration 501. The device 501 comprises a glass substrate 502 coated with 

30 a conducting glass layer 503. Adjacent to layer 503 is window material layer 504 
which may comprise n-type ZnSe, CdS or 0u 2 O for example. Adjacent to 
window material layer 504 is a first (n-type) absorber layer 505 adjacent to which 



PAGE 34/75 * RCVD AT 8/4/2006 2:20:34 PM [Eastern Daylight Time] * SVR:USPTO-EFXRF-3/20 1 DN!S:2733300 * CSiD:61245M801 * DURATION (mm-ss): 19-56 



08/04/2006 13:07 612-455-3801 HSML, P.C. PAGE 35/75 

WO 03/043096 PCT/GB02/05058 

-22- 

is a further (p-type) absorber layer 506. Finally, adjacent to outer absorber layer 
506 is configured a back electrical contact layer 507 which is ohmic to the p-type 
semi-conductor. 

The energy band diagram for device 501 is given in Fig. 6 wherein at the 
junction between back contact layer 507 and outer absorber layer 506 there is 
formed an ohmic contact at 601 . As was seen in the first example given above, 
the potential gradient, or the internal electric field of the device structure is again 
such that movement of electrons 602 is facilitated through the structure from 
outer absorber layer 506 to absorber layer 505 and then to window material 504. 
Similarly, movement of holes 603 is in the opposite direction. Suitably absorber 
layer 505 may comprise CulnS 2 and absorber layer 506 may comprise CulnSe2. 

Fig. 7 schematically illustrates the steps involved in fabricating a device of 
the type shown in Fig. 6. Steps 701 to 703 are substantially identical to steps 401 
15 to 403 as described in relation to Fig. 4 earlier. Following step 703, at step 704 a 
first absorber layer is deposited and doped so as to change the composition of 
the layer appropriately and obtain an n-type semi-conductor material. A suitably 
configured material is f for example, n-type CulnS^ or n-type In-rich CulnGaSea. 
Following deposition of a first absorber layer at step 704, at step 705 a second 
20 absorber layer is deposited and doped accordingly to obtain a p-type semi- 
conductor material. A suitable p-type semi-conductor material is, for example, 
Cu-rich CuinSe 2 . Absorber layers 1 and 2 can be obtained from the same bath 
using different deposition voltages as will be understood by those skilled in the 
art. Following step 705, the resultant layers of the device are chemically treated 
25 and annealed, and the top surface is etched as indicated at step 706. Following 
step 706 an ohmic contact is formed to the p-type absorber layer 2 via 
metafisation, as indicated at step 707. One example of a complete device is: 

Glass/CG/n-ZnSe/n-CulnGaSe^p-CulnS^/Ohmic metal contact 

30 Example 3 

Fig. 8 schematically illustrates a third preferred embodiment of a 
photovoltaic cell as configured- in accordance with the present invention. Device 
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801 comprises an outer glass substrate layer 802 coated with a conducting glass 
layer 803. Adjacent to layer 803 is configured an n-type window material layer 
804. Thereafter, three absorber layers are configured respectfully adjacent to 
one another as follows: 

5 

absorber layer 1 (close to n-type), 805; 
absorber layer 2 (close to p-type), 806; and 
10 absorber layer 3 (p-type). 807. 

Adjacent to absorber layer 807 is configured a back electrical contact 
(ohmic to p-type) 808. Layers 803 and 808 may thereafter be connected to 
suitably configured terminals so that the device may be incorporated in a suitable 
1 5 circuit requiring electrical power generated through the photovoltaic effect. 

Fig. 9 schematically illustrates the energy band diagram associated with 
device 801 described above. At the junction between sub-layer 807 and back 
electrical contact 808 is formed an ohmic contact as indicated at 901. Since the 

20 device illustrated in Figs, 8 and 9 is, compared with the devices of Figs. 2, 3, 5 
and 6. comprised of more absorber layers with gradually reducing band gaps, the 
solar radiation is absorbed gradually from the higher energy end towards the 
lower energy end producing charge carriers without releasing heat energy into the 
device structure. In other words, the band gap for a given semiconductor layer 

25 reduces with increasing depth from the front transparent window layer. Thus, 
with increasing depth in the device progressively different portions of 
electromagnetic spectrum are absorbed by the device. This advantageous 
cooling effect together with the use of a major part of the electromagnetic 
radiation enhances the performance, efficiency and the lifetime of the device. 



30 



Fig. 10 schematically illustrates the steps involved in manufacturing a 
device of the type schematically illustrated in Figs. 8 and 9. Steps 1001 to 1003 
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are respectively substantially similar to steps 401 to 403 of Fig. 4. Following step 
1003, at step 1004 a first absorber layer is deposited, the absorber layer being of 
an appropriate composition to obtain -n-type semi-conductor material, such as 
-n-CulnGaSe* After step 1004, a second absorber layer is deposited at step 
1005 again having an appropriate composition in order to obtain the required 
semi-conductor material. In step 1005 the required semi-conductor material is 
approximately p-type (denoted -p-type), such as -p-CulnGaSe*. Following step 
1005, a third absorber layer is deposited at step 1006. The appropriate 
composition required for absorber layer 3 is that to obtain a p-type semi- 
conductor material such as p-CulnGaSe 2 . Each of layers 1 to 3 can be obtained 
from the same electrodeposition bath by varying the deposition potential. The 
last layer can also be treated to obtain the required conductivity, if necessary. 
Following step 1006, at step 1007 the layers are annealed and the top surface 
chemically etched. Following step 1007. an ohmic contact is formed to the outer 
15 absorber layer via metaJisation as is indicated at step 1008. 

One example of a complete device of the type indicated in Figs. 6 and 9 is: 



10 



20 



25 



30 



Gla S s/CG/n-2nSe/~n.CulnGaSe^ p ^ufnGaSe ! /p-cmnGaSe a /Ohmfc metal 
Example 4 contact 

Fig. 1 1 schematically illustrates a fourth preferred embodiment of a multi- 
layer graded band gap photovoltaic device structure 1100 as configured in 
accordance with the present invention. The device illustrated is an example of a 
p-p-n layer device structure. The device comprises a glass substrate layer 1101 
which is adjacent to a conducting glass layer 1 102. Adjacent to conducting glass 
layer 1102 is a p-type window material layer 1103. Adjacent to window material 
layer 1 1 03 there is configured a first absorber layer 1 1 04 which is p-type followed 
by a second absorber layer 1105 which is n-type. Finally, adjacent to the outer 
(second) absorber layer there is a back contact layer 1106 which is ohmic to n- 
type. 
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ln operation incident light, for example sunlight, is received through glass 
substrate layer 1101 whereafter the light passes respectively through layers 
1102, 1103, 1104 and 1105. The received light thereafter causes a current to be 
generated in a circuit connected to conducting glass layer 1 102 and back contact 
layer 1106. 

It is believed that the device illustrated in Rg. 11 is unique, particularly 
because p-ZnSe is used as the starting point window material. Examples of 
suitable absorber layers are as follows: 



- Absorber layer 1 r p-type CufnS 2 (band gap ~1 .5 eV ); and 
• Absorber layer 2: n-type CulnGaSe 2 (band gap -1.1 eV) 

Thus, one example of a structure of the type illustrated schematically in Fig. 1 1 is: 

Glass/CG/p-ZnSe/p-CulnS^n-CulnGaSea/Ohmic contact 

The energy band diagram for the device of Rg. 11 j S schematically 
illustrated in Rg. 12. The energy diagram illustrates the band gaps wfthin each 
layer and clearly shows that the band gap is largest in the window material layer 
1103, next largest in absorber layer 1, 1104 and yet further reduced in absorber 
layer 2, 1 105. Thus, there is a successive decrease in band gap value from 
layers 1103, 1104 to 1105. In other words, light of a greater energy is absorbed 
by window material layer 1 103 than for absorber layer 1 and similarly the energy 
of the light absorbed by absorber layer 1 is larger than that for absorber layer 2. 
This results in a stepped band gap diagram wherein the steps aid movement of 
electrons 1201 from window material layer 1 1 03 through absorber layer 1 104 into 
absorber layer 1105 and finally to ohmic contact 1106. Similarly, holes 1202 
effectively, like air bubbles in water, are encouraged to move up each 
subsequent energy step formed between each layer - holes are thereby 
encouraged to move from absorber layer 1105 to absorber layer 1104 and 
thereafter from absorber layer 1104 to window layer 1103 and thereafter to 
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conducting glass layer 1102. In this way an efficient production of electrical 
current is thereby generated from the device. 

The energy band diagram shown in Fig. 12 comprises a substantially 
5 constant band gap value for each particular layer. However, the transition from 
one layer to the next causes a substantial change in the band gap which is 
represented graphically by the band gap upper limit curve 1203 and by the band 
gap lower limit curve 1204. Upper limit curve 1203 comprises a substantially 
horizontal line for each individual layer, but comprises a high gradient connecting 
10 portion between two given layers. For example, between window material layer 
1103 and the first absorber layer 1104 there is a sharp decrease in band gap 
value which is generally indicated at 1 105. There is a similarly sharp, decrease 
between layers 1 104 and 1 105. As a partial mirror image to the upper limit curve 
1203 there is lower limit curve 1204. Lower limit curve 1204 comprises a 
15 substantially lower energy for a given band gap of a given layer than portions of 
curve 1204 having a high gradient, i.e. those portions between the layers which 
represents graphically the transgression from one layer to the next. In terms of 
the lower level 1206 the band gap lower limit energy level gradually increases 
respectively from absorber layer 1105 to absorber layer 1104 to window material 
20 layer 1103. In this way the electrons may be considered to act like marbles 
falling down a slope and the holes may be considered to act like air bubbles rising 
in water. A simple graphical analogy between objects falling and rising through 
water is well known to those skilled in the art and is common in describing band 
gap diagrams of this type. 

25 

In the example shown, the band gap change from window material layer 
1103 to absorber layer 1104 is greater than that from absorber layer 1104 to 
absorber layer 1105. The change, as shown, is due to both a substantial drop in 
the upper level 1203 and, to some extent, an equivalent, but smaller, decrease in 
3 o the lower level 1 204. 
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Fig, 13 illustrates schematically the steps involved in fabricating the device 
illustrated schematically in Figs. 11 and 12, At step 1301 a glass/conducting 
glass substrate is cleaned so as to remove grease from the surface. Following 
step 1301 a p-type ZnSe layer is deposited by electrodeposrtion on the substrate. 
5 Following step 1302, at step 1303 the ZnSe window layer is doped using a 
suitable chemical containing a Group I element or a Group V element to obtain 
optimum electrical conductivity for the window layer. Dopants can be added 
during the growth as described or during the post-growth anneafing process. 
Following step 1303, at step 1304 absorber layers 1 and 2 are deposited 
10 successively using an electrochemical technique. Absorber layers 1 and 2 are 
deposited such that the band gap values vary from large to smaller for absorber 
layers 1 and 2 respectively. In this way a graded band gap device structure is 
obtained. As stated previously, examples of suitable materials are: 

15 • Absorber layer 1 : p-type CulnS 2 (band gap ~1 .5 eV ); and 

• Absorber layer 2; n-type CulnGaSe2 (band gap -1 .1 eV). 

During deposition of each absorber layer, the particular layer being 
deposited may be doped so as to obtain optimum p-type and n-type conduction 

20 respectively. Optimum doping is achieved through varying the indium 
composition in the material or by introducing an extrinsic element during growth 
of the layer or during the post-ahnealing process. Following step 1304, at step 
1305 the second absorber layer is chemically treated, annealed and etched so 
as to produce an ohmic back metal contact to complete the fabrication of the 

25 device. Such treatment is known to those skilled in the art and may include 
dipping the absorber layer in indium chloride solution, for example, so as to 
introduce chlorine ions into the material. As is also known to those skilled in the 
art, the optimum chemical treatment; annealing and etching conditions/chemical 
agents varies from material to material. 

30 

The invention comprises use of one step electrodeposition of CulnSe 2 
based semiconductor materials such as CulnS 2 , CufnGaS 2j CulnSe 2 , 
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CulnGaSe 2 , CulnTea and CulnGaTe 2 to obtain both n-iype and p-type 
semiconducting layers with varying band gaps. Optimization of conductivity has 
been obtained using changes in stoichometiy as described, for example using In- 
rich for n-type and Cu-rich for p-type, or treatment of the layers with suitable n- 
5 type doping agents such as InCfe treatment followed by annealing. The 
aforementioned new designs of multi-layer graded band gap solar cell stiuctures 
have been fabricated and typical values for efficiencies found in connection with 
the preferred embodiments of the solar cells described above are over 15%. 

10 Advantages of utilizing the methods described in accordance with the 

present invention include a substantial reduction in the cost of photovoltaic solar 
cells through use of a low cost electroplating technique to grow and develop the 
solar energy materials. This technique enables the fabrication of solar cells of 
approximately 2 microns total thickness, instead of about 200 microns thickness 
15 as used in crystalline silicon solar ceil fabrication. Reducing the cost of materials 
utilized in manufacture is clearly desirable. 

The preferred embodiments of the present invention described above are 
designed to capture as large a part of the solar energy spectrum as possible 
whilst minimizing energy losses as heat energy in the devices. In respect of the 
20 four preferred embodiments of the present invention described above, the front of 
a photovoltaic cell begins with a large band gap window material which Is 
positioned in front of several absorber material layers with decreasing band gaps 
the further that a given absorber layer is away from the window layer. Each 
interface between any two layers involved contributes to enhance the internal 

2 5 electric field forming a tandem solar cell. Suitable window materials used include 

n-type ZnSe, CdS, Cu a O or, in relation to the fourth example, p-type ZnSe. In 
respect of the devices as configured in accordance with the present invention, 
annealing and natural aging processes are believed to increase intermixing at the 
hetero-junctions thus converting the device to a multi junction graded band gap 

3 o device structure having a significantly greater number of different band gap layers 

than initially fabricated. The number of such layers resulting may potentially 
reach infinity, enhancing charge carrier collection during operation under 
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illumination, inter-mixing at the interfaces during annealing of the material layers, 
in the preferred temperature range of 325-375°C, has been found to give 
increased efficiency as compared with published efficiency values using more 
conventional methods of photovoltaic ceil fabrication. 

5 

To date, the inventors have produced high efficiency solar cells as 
described by stacking electrodeposrted Culn(X) 2 based semiconductor layers as 
described. For example solar cell parameters observed to date for the devices 
as configured in accordance with the present invention are: V oc over 350 mV, J 5C>= 

10 over 60 mA cnr 2 , FF = 0.6 and conversion efficiencies over 15% under AM1.5 
conditions (100 mW cm" 2 ), where Voc = open circuit voltage; J sc = short circuit 
current density and FF = Fill Factor. These high efficiency values, obtained using 
a one step low cost electrodeposition technique, are higher than published values 
using the more mainstream techniques described in the literature such as for 

15 example, in the paper by R. N. Bhattacharya et. ai., J. Electrochemical Soc. 
Vol. 143, No. 3, (1996), P. 854, i.e. 14.1% efficiency using electrodeposition plus 
evaporation plus selenized copper-indium diselenide based device structures. 

Fig. 14 summarizes, in the form of a table, possible devices as configured 
in accordance with the present invention and as described in Figs. 2-13. For 
2 0 each example identified in column 1401 each parameter of the device so 
configured is identified at columns 1402-1408 respectively as follows: 

• 1402 - window material, n or p-type and possible materials; 

• 1403 - window material dopant - group element possibilities for obtaining 
optimum electrical conductivity through layer; 

2 5 • 1 404 - absorber layer 1 - n-type or p-type; 

• 1 405 - absorber layer 2 - n-type or p-type; 

• 1 406 - absorber layer 3 ~ n-type or p-type; 
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• 1 407 - back contact type; and 

• 1 408 - preferred treatment conditions (if any). 

Devices of the type described above and configured in accordance with 
5 the present invention may be prepared as fully depleted devices so as to have 
the complete region to be photovoltaic active. 



In addition to the annealing process, natural aging is also thought to 
produce intermixing at the material boundaries and hence smooth out the band 
gap steps between layers thereby enhancing charge carrier collection within the 
device. The devices configured with 3 or 4 layers in accordance with the present 
invention appear to become multi-layer graded band gap devices having higher 
efficiencies with age and through an increased number of active absorber layers 
effectively being formed . 

In contrast to known methods of fabrication of copper-indium based 
photovoltaic devices the methods in accordance with the present invention 
include depositing the layers of such a photovoltaic device in a non-conventionaJ 
order. Thus in accordance with an aspect of the present invention the window 
layer is deposited on a given substrate before any copper-indium based layers 
are deposited. This is in sharp contrast to known methods such as that disclosed 
in Canadian patent no. CA 2056609. Fabrication in this way enables different 
substrates to be used as compared with known methods and this aids higher 
efficiency photovoltaic devices to be realised. Upon the window layer of a device 
being made in accordance with the methods of the present invention is then 
deposited at least a first layer of a substantially copper-indium based material. 
Upon the first copper-indium based material there then may, in preferred 
embodiments of the present invention, be deposited a further layer of a 
substantially copper-indium based material. In fact additional substantially 
copper-indium based material layers may be deposited in turn, thus building up a 
multi-layered device comprising two or more copper-indium based absorber 
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layers . Each copper-indium based layer may comprise a different copper-indium 
based material as compared to an adjacent layer since preferably different 
materials are used that exhibit different size band gaps. Differing band gaps are 
clearly advantageous so as to absorb photons of different energies from the 
5 electromagnetic spectrum. 

It wilf be apparent to those skilled in the art that the illustrative examples of 
devices described above exhibit a further aspect of the present invention as 
follows. In accordance, with an aspect of the present invention there is also 
io provided a method of fabricating a substantially copper-indium based thin film 
photovoltaic device of the type comprising a deposited n-type or p-type window 
layer of a semiconductor photon absorber material and at least a first deposited 
substantially coppier-indium based photon absorber layer located substantially 
adjacent to the window layer, the method comprising the step of: 



15 



doping said first photon absorber layer with a dopant of the same type, that 
is n-type or p-type, as said window layer. 



This aspect of the present invention is summarised in Figure 14, wherein it 
20 is readily seen that for an n-type window layer the first photon absorber layer is, in 
accordance with an aspect of the present invention, doped with an n-type dopant 
to enhance n-type electrical activity in the first photon absorber layer. 

Alternatively the selected window materia! may be selected as p-type and 
25 the first photon absorber layer is then, in accordance with this aspect of the 
present invention, assumed p-type and doped with a p-type dopant This method 
results in a photovoltaic device having improved efficiency over known copper- 
indium based photovoltaic devices. Doping in the way described may be termed 
Inverse doping' as compared with the existing methods known to those skilled in 
3 0 the art. Inverse doping of the kind described is opposite to what is usually 
performed in photovoftaic device fabrication. Known doping methods are based 
on an assumed p-n junction model for the window and first photon absorber 
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layer. Thus for a prior art substantially oopper-fndfum based photovoltaic device, 
the main body of the device contains a copper-indium based material. If this 
material is assumed to be p-type then the assumed prior art model of what is the 
most sensible type of doping suggests a p-type dopant in the. copper-indium layer 
5 so as to reduce the electrical resistance in the material. However the inventors of 
the present invention have observed that doping with a p-type dopant in these 
circumstances actually increases the series resistance of the fabricated devices 
resulting in a drastic reduction of the efficiency (mainiy due to a loss in the fill 
factor). Thus in contrast to normal procedures the present invention concerns 
10 doping of the first deposited copper-indium based layer with a dopant of the 
same type, that is n-type or p-type, as the window layer. 
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Clalms: 

1. A method of fabricating a substantially copper-indium based thin 
film photovoltaic device, said method being characterised by comprising the 
steps of: 

5 

(a) using electrodeposition, depositing a front window layer of a 
semiconductor material on a suitably configured electrically conductive substrate; 

(b) doping said window layer to obtain optimum electrical conductivity 
10 in said window layer; and following steps (a) and (b), 

(c) successively and electrochemically depositing a plurality of 
adjacent cppper-indium based semiconductor absorber layers on top of said 
semiconductor window layer wherein each said absorber layer has a different 

15 band gap energy value to an adjacent said absorber layer. 

2. The method as claimed in claim 1, wherein said adjacent copper- 
indium based semiconductor absorber layers are selected from the set of 
compounds comprising: 

20 

copper-indium disulphide based compounds; 
copper-indium diselenide based compounds; and 
2 5 copper-indium ditelluride based compounds. 

3. The method as claimed in claim 1 or claim 2, additionally 
comprising the step of: 

30 treating the outer surface of said outer absorber layers to optimise the 

electrical properties of said outer semiconductor absorber layers. 
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4, The method as claimed in claim 3, wherein said treatment 
comprises chemically etching said outer semiconductor absorber layer 

5, The method as claimed in any of claims 1 to 4, additionally 
5 comprising the step of: 

metalisfng the outer surface of said outer semiconductor absorber layer to 
form a back electrical contact so as to enable said device to be connectable to an 
electric circuit 

10 

6, The method as cfaimed in any preceding claim, wherein sard 
method comprises the additional step of annealing said semiconductor layers at 
a temperature in the temperature range 325-375°C. 

15 7 - ThQ method as claimed in any preceding claim, wherein said 

window semiconductor layer comprises: 

an n-type semiconductor material selected from the set comprising ZnSe, 
CdSandCuaO. 

20 

8. The method as claimed in any preceding claim, wherein said 
window dopant is selected from the set of dopants comprising: 

Group lir; and Group VII elements. 

25 

9- The method as claimed in any of claims 1 to 6, wherein said 
window layer comprises: 

a p-type semiconductor material. 

30 

10. The method as claimed in any of claims 1 to 6 or 9, wherein said 
window layer comprises: 
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p-type ZnSe semiconductor material. 

1 1 . The method as claimed in claim 9 or claim 1 0, wherein said window 
semiconductor layer is doped with a dopant selected from the set of dopants 

5 comprising: 

Group I; and Group V elements. 

12. The method as claimed in any preceding claim, wherein said 
10 window layer has a greater band gap energy value than any of said plurality of 

absorber layers, 

1 3. The method as claimed in any preceding claim, wherein the band 
gap energy value of said absorber layers decreases with increased distance of a 

15 given said layer away from said window layer. 

14. The method as claimed in claim 1 , wherein: 

a first deposited absorber layer comprises an n-type semiconductor 
20 material; and 

a second absorber layer deposited adjacent to said first absorber layer 
comprises an n-type semiconductor material, 

25 15. The method as claimed in claim 1 or claim 14, wherein said device 

further comprises a back Schottky barrier metal contact layer adjacent to the 
outermost deposited absorber layer. 

1 6. The method as claimed in claim 1 , wherein: 

30 

a first said deposited absorber layer comprises an n-type semiconductor 
material; and 
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a second said absorber layer deposited adjacent to said first absorber 
layer comprises a p-type semiconductor material. 

1 7. The method as claimed in claim 1 , wherein- 
5 first said deposited absorber layer comprises an n-type semiconductor materia!; 

a second said deposited absorber layer adjacent to said first absorber .ayer 
comprises close to a p-type semiconductor material; and 

10 ™ absorber layer adjacent to said second absorber ,ayer comprises a p^ 
type semiconductor material. 

18. The method as claimed in claim 16 or claim 17, wherein said device 

15 ZET ° hmiC e ' eCWCaJ M ad ^ nt to outermost 

15 deposited p-type absorber layer. 

19. The method as claimed in claim 1 , wherein: 

a first said deposited semiconductor absorber layer comprises a p-type 
20 semiconductor material; and 

a second said deposited semiconductor absorber .aye, adjacent to said first said 
absorber layer, comprises an n-type semiconductor material. 



25 



30 



20. The method as claimed in claim 19, wherein said device further 
comprises: M,llwr 

wh Jn' -h « SUbS ' antia " y «»"**«» thin film photovoltaic 0av.ce 
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an electrically conductive front substrate upon which is comprised an 
electrodeposited window layer of a doped semiconductor material; and 

having been successively deposited on top of said deposfted window layer, 
5 a plurality of electrochemical^ and adjacently deposited copper-indium based 
semiconductor absorber layers, wherein each said absorber layer has a different 
band gap energy value to an adjacent absorber layer. 

22. A photovoltaic device as claimed in claim 21 , wherein said adjacent 
0 copper-indium based semiconductor absorber layers comprise at least one 
compound from the set comprising: 



copper-Indium disulphide based compounds; 
copper-indium diselenide based compounds; and 
copper-indium ditelluride based compounds. 



23. A photovoltaic device as claimed in claim 21 or claim 22, wherein 

2 0 the outer surface of each absorber layer has been treated by chemical treatment, 

annealing and etching to optimise the electrical properties of said outer 
semiconductor absorber layers. 

24. A photovoltaic device as claimed in claim 23, wherein said outer 

2 5 absorber layer has been chemically treated and annealed using a doping agent 

to Improve n-type conduction, 

25. A photovoltaic device as claimed in any of claims 21 to 24, wherein 
said window layer comprises a material from the set comprising: 

3 0 n-type ZnSe; n-type COS; and n-type Cu 2 0. 
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26. A photovoltaic device as claimed in any of claims 21 to 25, wherein 
sa,d dopant comprises, an element to improve n^type conduction, said element 
being selected from the set comprising: 

5 Group II! elements; and Group VII elements. 

27. A photovoltaic device as claimed in claim 21 , wherein said window 
material comprises a p-type semiconductor material. 

10 28 ' A Photovoltaic device as claimed in claim 21 or claim 27, wherein 

said window material comprises p-type ZnSe based material. 

29. A photovoltaic device as claimed in any of claims 21, 27 or 28, 
wherein said window material is doped with an element to improve p-type 
15 conduction said element being selected from the set comprising: 

Group I elements; and Group V elements. 



20 



25 



30 



30. A photvoltaic device as claimed in any of claims 21 to 29, wherein 
said window layer has a greater band gap energy value than the band gap value 
of any of said plurality of. absorber layers. 

31 . A photvoltaic device as claimed in any of claims 21 to 30, wherein 
the band gap energy value of said absorber layers decreases with increased 
distance of a given said absorber layer away from said window layer. 

32. A photovoltaic device as claimed in claim 21 , wherein said first said 
deposited absorber layer, deposited adjacent to said window layer, comprises an 
n-type semiconductor material; and 

a second absorber layer deposited adjacent to said fiist absorber layer 
comprises an n-type semiconductor material. 
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33. 



A photovoltaic device as claimed in claim 21 or 32, wherein said 
device further comprises a back Schottky barrier metal electrical contact layer 
adjacent to the outermost deposited absorber layer. 

34. A photovoltaic device as claimed in claim 21 , wherein: 

a first said deposited absorber layer comprises an n-type semiconductor 
material; and 



10 



15 



a second said absorber layer deposited adjacent to said first absorber layer 
comprises of p-type semiconductor material. 

55. A photovoltaic device as claimed in claim 21 , wherein: 

the first said deposited absorber layer comprises an n-type semiconductor 
material; 

a second said deposited absorber layer adjacent to said first absorber layer 
comprises a close to p-type semiconductor material; and 

an outer absorber layer adjacent to said second absorber layer comprises a 
p-type semiconductor material. 

36. A photovoltaic device as claimed in claim 34 or claim 35, wherein 
25 said device comprises a back Ohmic electrical contact layer adjacent to the 

outermost deposited p-type absorber layer. 

37. A photovoltaic device as claimed in claim 21 , wherein: 

a first said deposited absorber layer comprises a p-type semiconductor 
3 0 material; and 



20 
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absortar layar, comprises an n-typa samiconductor material 

5 coJT k Ph0tOVOtai0 ^ 38 "n claim 37, wherein said davlca 

5 compnsas a back ohnfc aacttca, comae, ,ayar ad,acen, ,o as* sacond J. 
deposited n-type absorber layer. 

39. A photovoltaic device as claimed in any of claims 21 to 36, wherein 
sa,d de.ce comprises n-type window material and during operation, conducts 
10 electrrc current in accordance with: 

electrons move from said absorber layers to said window layer; and 
holes move in the opposite direction to said electrons 

15 

40. A photovoltaic device as claimed in claim 37 or claim 38, wherein 
sard device conducts electrical current in accordance with: 

electrons move in a direction towards an Ohmic contact from said window 
20 layer through said respective absorber layers, each said respective absorber 
layer having a smaller band gap than the last; and 

holes move substantially in the opposite direction to said electrons. 

25 41. A method of fabricating a substantially copper-indium based thin 

film photovoltaic device of the type comprising: 

a deposited n-type or p-type window layer of a semiconductor photon 
absorber material; and 

30 

at least a first deposited substantially copper-indium based photon absorber 
layer located substantially adjacent to said window layer; 
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said method being characterised by comprising the step of: 

doping said first photon absorber layer with a dopant of the same type, that 
is n-type or p-type, as said window layer. 

5 

42. The method as claimed in claim 41, wherein safd selected window 
material is n-type and said first photon absorber layer is doped with an n-type 
dopant. 

10 43 - The method as claimed in claim 42, wherein said n-type window 

layer is doped with an n-type dopant. 

44. The method as claimed in any of claims 41 to 43, wherein said 
window layer is doped with a group 111 or VII element. 

15 

45- The method as claimed in claim 41 , wherein sard selected window 
layer is n-type doped with a group Mil or VII element and said first absorber layer 
is n-type, said method additionally comprising the steps of; 

2 o depositing a second n-type substantially copper-indium based photon 

absorber layer adjacent to said first copper-indium based photon absorber layer; 
and 

configuring a back electrical contact to said second photon absorber layer 
2 5 wherein said back contact constitutes an n-Shottky type barrier. 

46. The method as claimed in claim 41, wherein said selected window 
layer is n-type doped with a group 111 or VII element and said first photon 
absorber layer is n-type, said method additionally comprising the steps of: 

30 
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depositrng a second substantially copper-indium based photon absorber 
layer adjacent to said first photon absorber layer said second photon absorber 
layer being substantially p-type; and 

configuring a back electrical contact to said second photon absent layer 
wherein said back contact constitutes a p-Ohmic type contact. 

47. The method as claimed in claim 41 , wherein said selected window 
layer is n-type doped wHh a group lit or VII element and said first photon absorber 
layer is n-type, said method additionally comprising the steps of: 

depositing a second substantially copper-indium based photon absorber 
layer adjacent to said first photon absorber layer, said second photon absorber 
layer being substantially p-type; 

depositing a third substantially copper-indium based photon absorber layer 
adjacent to said second photon absorber layer, said third photon absorber layer 
being substantially p-type; and 



2 o configuring a back electrical contact to said third, that is the outer, photon 

absorber layer wherein said back contact constitutes a p-type Ohmic contact. 

48. The method as claimed in claim 41, wherein said selected window 
material is p-type and said first photon absorber layer is doped with a p-type 

25 dopant. 

49. The method as claimed in claim 48, wherein said p-type window 
layer is doped with a p-type dopant. 

3 o 50. The method as claimed in any of claims 41 , 48 or 49, wherein said 

window layer is doped with a group I or V element. 
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51. The method as claimed in claim 41, wherein said selected window 
layer is p^type doped with a group I or V element and said first photon absorber 
layer is p-type, said method additionally comprising the steps of: 

5 depositing a second substantiaify copper-indium based photon absorber 

iayer adjacent to said first photon absorber layer, said second photon absorber 
layer being substantially n-type; and 

configuring a back electrical contact to said second photon absorber layer 
1 0 wherein said back contact constitutes an n-Ohmic type contact 

52. The method as claimed in any of claims 41 to 51, wherein said 
window layer is deposited on a substrate and said first deposited substantially 
copper-indium based photon absorber layer is then deposited on said window 

is layer. 

53. The method as claimed in claim 41, wherein following the 
deposition of said first substantially copper-indium based photon absorber layer 
there are successfully deposited further layers of substantially copper-indium 

2 o based photon absorber materials. 

54. The method as claimed in any of claims 41 to 54, wherein said 
deposition of said layers is by electrodeposition. 

25 55 - The method as claimed in claim 41 , wherein the order of deposition 

of the layers is: 

the window layer followed by said first deposited copper-indium based 
photon absorber layer followed, if applicable, by successive deposition thereafter 

3 0 of one or more further substantia^ copper-indium based photon absorber 

layers. 
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56. A substantially coppeNndium based thin film photovoltaic device of 
the type comprising: 

an n-type or p-type window layer of a semiconductor photon absorber 
S material deposited on an electrically conductive substrate; and 

at least a first deposited substantially copper-indium based photon 
absorber layer located substantially adjacent to said window layer; 

10 said device being characterised in that 



said first photon absorber layer has been doped with a dopant of the 
same type, that is n-type or p-type, as said window layer. 

15 

57. A thin film photovoltaic device of the type claimed in claim 56, 
wherein said window layer has been deposited on a substrate and thereafter said 
first deposited substantially copper-indium based photon absorber layer has been 
deposited on said window layer. 

20 

58. A thin film photovoltaic device as claimed in claim 56, wherein the 
order of deposition of said layers is as follows; 

the window layer followed by said first deposited copper-indium based 
25 photon absorber layer and then, if appropriate, on top of said first photon 
absorber layer successive deposition thereafter of one or more further copper- 
indium based photon absorber layers. 
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Schematic diagram of an example of an n-n-n layer device structure. 




Fig_3, The energy band diagram of the device shown irk fig. 2 (not to scale). 
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Fig. 6. The energy band diagram of the device shown in fig. 5 (not to scale). 



PAGE 61/75 * RCVDAT 8/412006 2:20:34 PM (Eastern Daylight Time] * SVR:USPTO-EFXRF-3/20 * ONIS:273830D ■ CSID:61245M801 ' DURATION (mm-ss):19-56 



08/04/2086 13:07 



612-455-3801 



HSML, P.C. 



PAGE 62/75 



WO 03/043O96 



PCT/GB02/05058 



5/10 



Clean glass/conducting glass substrate 701 



Place glass/conducting glass substrate 
in electrodeposition chamber and deposit L v_ 702 
n-type' window of e.g. ZnSe, CdS or Cu,0 



Dope n-type window layer using a suitable 
group III or group VII element to obtain 
optimum electrical conductivity 



Deposit absorber layer 1 and dope or 
change composition appropriately to obtain I 
n-type semiconductor material 
e.g. In-rich CulnGaSe, 



Deposit absorber layer 2 and dope or 
change composition appropriately to obtain] 
p-type semiconductor material 2 
e.g. Cu-rjch CulnSe, 



Chemically treat and anneal the layers, and 
etch the top outermost surface 



Form ohmic contact to the p-type absorber 
layer 2 via (Totalisation 



>rber I-, 

-J 



703 



704 



705 



706 



707 



Fig. 7 



PAGE 62/75 1 RCVDAT MOBS 2:20:34 PM [Eastern Daylight Time]* $VR:USPTO-EF)(RF-3(2l) ' DNtS:2738300 ' CSiD:612-45M801 ' DURATION (mm-ss):19-56 



08/84/2096 13:07 612-455-3801 



HSML, P.C. 



PAGE 63/75 



WO 03/043096 

PCT/GB02/05058 



6/10 




+ ve 



Glass Substrate - g02 
Condncfekg Glass - 803 
"Window Material (n.-type>g04.- 



808 £ack Contact (OW to p-type) 
807^Absor4 > erLay er 3 (p-type) 

U 8 06-Ab S ori )er L ay et2 (Cio 5 e top-type) 
^SOSrAbsorber Layer 1 (Close to n-type) 



Fig.8. Schematic diagram of an example of an n-n-p-p- layer device 



801 



structure. 



s Sualie 




NgST"^ Wmdow A' Absorb A Absorber 00 Zte^b 
803 804; 805 806 S07 



808 



si 



Fig. 9. The energy band diagram of the device shown in fig. 8 (not to scale) 
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Fig.lL Schematic diagram of an example of a p-p^j layer device structure. 
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(57) Abstract: A method of fabricating a copper-indium based thin fihn photovoltaic device comprises the steps of (a) using clcc- 
trodepositjon, depositing n fmnt window layer of a semiconductor material on a suitably configured electricaJly conductive substrate: 
(b) doping the window layer to obtain optimum electrical conductivity in the window Jaycr; and following steps (a) and (b), (c) suc- 
cessively clectrochemically depositing a plurality of adjacent coppcr-jndjum based semiconductor absorber layers on the window 
layer wherein each absorber layer has a different band gap energy value to an adjacent absorber layer. Thus a copper-indium based 
thin film photovoltaic device made according to diis method comprises; an electrically conductive font substrate upon which is com- 
prised an elcctjodeposited window layer of a doped semiconductor material; and having been successively deposited on top of said 
deposited window layer, a plurality of electrochenrticaUy deposited adjacent copper-indium based semiconductor absorber layers, 
wherein each absorber layer has a different band gap energy value to an adjacent absorber layer. 
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Box f Observations where certain cislms were found urtseareftabte (Continuation of item 1 of first stieet) 



This International Search Report has not been established in respect of certain claims under Article 17(2)<a) for the following reasons: 
1. Claims Nos.: 

because they relate to subject matter not required to be searched by this Authority, namely: 



2 * I I Claims Nos.: 

bscause they relate to parts of the International Appllcalfon that do not comply v/rih the prescribed reaulremsmts to such 
an extent that no meaningful InternaHonaJ Search can be carried Out specifically: V'^^n requirement to such 



3. Claims Nos>: 

because Ih&y are dependent claims and are not cfrafied in accordance with the second and third sentences of Rule 6.4(a). 



Box R Observations where unity of Invention is lacking (Continuation of it™ 2 of first sheet) 



This international Saarcnrno Authority found mujtjple inventions in this International application, as fallows: 

see additional sheet 



1 - I I As aJJ required additional search fees were timely paid by ihe applicant Ibis International Search Report covere ail 
J 1 searchable claims. 

As ail eeerebable daims could be searched wtohout efftvt Justifying an additional fee. rhls Authority did not invite payment 
of any additional tee. 



3- I ] As only soma a( the required additional search fees were timely paid by the applicant thfe Intarnatlanal Search Report 
1 — 1 covers onfy those claims tor which fees were paid, specifically claims IMos-: 



No required additional search fees were timely patd by the applicant Consequently, this International Search Report is 
restricted to the Invention first mentioned In the claims; ft Is covered by cte?ms Nos.; 



Remark on Protest The additional search tees were accompanied by the applicant's protest. 

| | No protest accompanied the payment of addKonal search fees. 
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International Applcatioo No. PCTiGB 02 /)5058 

FURTHER INFORMATION CONTINUED FROM PCT71SA/ 210 



This International Searching Authority found multiple (groups of) 
inventions in this international application, as follows: 

1. Claims: 1^58 

Device and method of manufacture of a substantially 
copper-indium based thin film photovoltaic device comprising 
an absorber layer adjacent to a window layer. 



1.1. Claims: 1-40 

device and method of manufacture of a substantially 
copper-indium based thin film photovoltaic device 
fabricated by electrodeposition and electrochemical 
deposition. 



1.2. Claims; 41-58 

Device and method of manufacture of a substantially 
copper-indium based thin film photovoltaic device 
wherein the photon absorber layer has the same doping 
type as the window layer. 



Please note that all inventions mentioned under item 1, although not 
necessarily linked by a common inventive concept, could be searched 
without effort justifying an additional fee. 
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